We have investigated patients undergoing cardiac surgery with hypothermic bypass to see if the addition of skin surface warming during systemic rewarming on bypass (heated group, n : 43) would improve perioperative thermal balance compared with conventional management without skin warming (control group, n : 43) in an open, randomized, controlled study. Intraoperative skin warming with a water mattress and forced warm air over the face, neck and shoulders attenuated the afterdrop in nasopharyngeal temperature after weaning from bypass (2.3 (1.2) ЊC and 1.3 (0.5) ЊC in the control and heated groups, respectively) (P : 0.05) and resulted in higher rectal temperature 4 h after surgery. Despite similar standard coagulation tests, heated patients had lower blood loss via the chest tubes (600 (264) ml vs 956 (448) ml in control patients) (P : 0.05). and less requirements for i.v. colloid infusion (1662 (404) ml vs 1994 (389) ml) (P : 0.05). There was a significant inverse correlation between rectal temperature on arrival in the ICU and postoperative blood loss (r : 0.57, P : 0.001). These data suggest that additional skin surface warming with a water mattress and forced warm air helped to preserve perioperative thermal balance and may contribute to reduced bleeding after cardiac surgery. (Br. J. Anaesth. 1998; 80: 318-323) Keywords: temperature, body; equipment, warming devices; surgery, cardiovascular; blood, coagulation; hypothermia Hypothermia remains a common problem because of its deleterious haemodynamic, haemostatic, immune and metabolic effects.
Hypothermia remains a common problem because of its deleterious haemodynamic, haemostatic, immune and metabolic effects. [1] [2] [3] [4] After non-cardiac surgery, mild hypothermia has also been associated with arterial hypertension and myocardial ischaemia, 5 in addition to increased blood loss. 6 Patients undergoing cardiac surgery are often cooled to nasopharyngeal temperatures of 26-28 ЊC. At the end of cardiopulmonary bypass (CPB), even though nasopharyngeal temperature is restored to pre-bypass levels, a considerable mass of peripheral tissues remains at subnormal temperatures; subsequent redistribution of heat from the core to the periphery causes a decrease in nasopharyngeal temperature ranging from 1 to 3 ЊC, termed "afterdrop". 7 8 During operation, adopting a "normothermic" bypass technique, prolonging the rewarming period or infusing vasodilators while increasing pump flow may attenuate the postoperative central temperature afterdrop. 9 In the intensive care unit (ICU), external heat, that is convective or radiant, applied over a large body surface area has been shown to accelerate rewarming with the benefits of less shivering, lower oxygen demand and more haemodynamic stability. [10] [11] [12] [13] Although skin surface warming with a forced warm air device is a simple, safe and efficient means for preventing hypothermia during major surgical procedures, 14 it has not yet been recommended for use during cardiac surgery because the body surface area available for cutaneous warming was thought to be too small.
As the afterdrop in nasopharyngeal temperature is attributed to redistribution of heat from the warm core to the cold peripheral compartment, we hypothesized that the addition of skin warming to heat exchange via the bypass membrane would improve body rewarming and help to preserve body heat content, thereby minimizing the afterdrop in core temperature. Therefore, we investigated if concomitant intraoperative use of a heating water mattress and forced warm air over a limited body surface area (head and neck) would effectively prevent hypothermia and attenuate chest blood loss in the early period after cardiac surgery.
Patients and methods
After obtaining hospital Ethics Committee approval and written informed consent, we studied 91 patients undergoing elective coronary artery bypass graft surgery, aortic valve replacement and mitral valve repair or replacement. Patients with severe left ventricular dysfunction based on clinical history (dyspnoea grade 3 or higher) and ventricular angiograms (left ventricular ejection fraction :30 %) were excluded. In addition, in the early postoperative period, those patients with active bleeding requiring surgical haemostasis were retrospectively excluded. Usual cardiac medications, including nitrates, ␤-blockers and calcium channel blockers were administered up to the morning of surgery. After an overnight fast, patients were premedicated with morphine 7.5 mg i.m. and diazepam 5-10 mg orally, 1 h before opera-tion. In the induction room, peripheral venous, radial arterial and central venous catheters were inserted for fluid and drug administration and for haemodynamic monitoring. A transoesophageal echocardiographic probe was inserted after tracheal intubation. General anaesthesia was conducted according to standard practice by an experienced anaesthetist not involved in the study and was based on moderate doses of fentanyl (40-60 g kg
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) and midazolam (0.03-0.06 mg kg 91 followed by 0.10 mg kg 91 h
) with pancuronium for neuromuscular block (0.15 mg kg 91 at induction and 0.05 mg kg 91 during bypass). Mechanical ventilation was adjusted to maintain normocapnia and normoxia. Body temperature was recorded continuously with calibrated thermistors (AS3 Datex Instrum. Corp. Helsinki, Finland) placed in the nasopharynx and in the rectum; nasopharyngeal and rectal temperatures indicated the temperature of the body core and muscular compartments. 8 All probes were accurate to Ϯ 0.1 ЊC over the range 20-40 ЊC.
After aortic and right atrium cannulation, nonpulsatile CPB was commenced with a membrane oxygenator primed with crystalloids 2 litre and body temperature was decreased to achieve moderate hypothermia (lowest nasopharyngeal temperature 28.6 (2.4) ЊC and 28.9 (2.9) ЊC in the control and heated groups, respectively). After aortic clamping, myocardial protection was provided with St Thomas's solution 600-900 ml infused via the aortic root at 25-30-min intervals. During CPB, pump flow greater than 2 litre min 91 m 92 was maintained during moderate hypothermia and increased to 2.4 litre min 91 m 92 during rewarming. Vasodilators (nitroprusside) or vasoconstrictors (phenylephrine) were administered to maintain mean arterial pressure (MAP) within an acceptable range (60-80 mm Hg). After completion of surgical revascularization or valve repair-replacement, and when rectal temperature was greater than 35.7 ЊC, patients were weaned from CPB. Administration of nitroglycerin 1-3 mg h 91 i.v. was part of our standard management procedure, which was started during rewarming and continued until 6-8 h after surgery.
In the ICU, patients underwent mechanical ventilation throughout the 12-h study and, according to routine medical care, repeated bolus doses of morphine 1 mg were given during emergence from anaesthesia and when increases in heart rate and arterial pressure were interpreted as pain, anxiety or discomfort.
During and after operation, a heat and moisture filter (Pall breathing system, Newquay, UK) was connected to the Y-piece of the non-rebreathing respiratory system. Ambient temperature was maintained at 18-20 ЊC in the operating theatre and at 22-24 ЊC in the ICU.
MEASUREMENTS AND CALCULATIONS
During operation, nasopharyngeal and rectal temperatures were recorded at the following times: 10-15 min before aortic cannulation; at the end of each cardioplegia; after aortic unclamping; after separation from CPB; and during sternal and skin closures. Total duration of rewarming on bypass was recorded and the afterdrop was calculated as the difference between nasopharyngeal temperature at the time of separation from CPB and the lowest nasopharyngeal temperature recorded before transfer to the ICU.
After operation, activated clotting time and platelet count were measured on arrival in the ICU; systemic haemodynamic variables (MAP, heart rate, cardiac output) and rectal temperature were recorded hourly for 8 h and at 10 and 12 h after the end of surgery.
Urinary volume, blood loss through the chest tubes, i.v. fluid requirements (crystalloids and colloids), transfusion of blood products and the need for additional vasodilators (nitroprusside) and inotropic support (dobutamine or dopamine 95 g kg On the day of surgery, patients were allocated randomly to routine thermal management (control group) or to additional skin warming (heated group). In both groups, core body rewarming (systemic rewarming) was accomplished by heat exchange through the oxygenator (maximum gradient of 10 ЊC between the patient's blood temperature and water temperature in the oxygenator). In the heated group, extra warming of the skin included transfer of convective heat with a Bair Hugger system (BairHugger Model 500, Augustine SA, Berne, Switzerland) and conductive heat with a thermostatic water mattress (Thermostat T1000, JMW Medical Systems Ltd, Midlothian, UK). Heated patients lay on a mattress containing circulating water at 38 ЊC (5 litre with a mean flow of 3-4 litre min
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) in contact with approximately 0.3-0.4 m 2 of body surface area (from the buttocks up to the shoulders) while forced warm air (at 38 ЊC) created a high velocity "wind" over the head, neck and shoulders (10-15% of body surface area) under a simple blanket. Systemic and skin rewarming were started during completion of the last distal graft anastomosis or at the end of valvular repair. Systemic rewarming ended when rectal temperature had reached 35.7 ЊC in the two groups, while skin rewarming was continued until skin closure (in the heated group).
In the ICU, nurses and physicians administering fluids and treating pain were blinded to the patient's group.
STATISTICAL ANALYSIS
Parametric data were expressed as mean (SD) and analysed using two-way analysis of variance with Dunnett's test for within-group changes with respect to baseline. The relationships between chest tube fluid losses (dependent variable) and other independent variables, such as rectal temperature, afterdrop, length of CPB and aortic clamping were studied by uni-and multiple stepwise regression analysis. Pearson product-moment or Spearman rank correlation coefficients were calculated depending on the parametric or non-parametric nature of the data. Drug treatment, need for transfusion and type of surgery were compared using chi-square with Yates' correction. Differences were considered significant at P : 0.05.
Results
We studied 91 patients; two patients in each group were subsequently excluded because of bleeding which required surgical haemostasis within the first 3 h after operation. Another patient in the control group died within 2 h after surgery in cardiac failure as a result of a massive myocardial infarct.
Preoperative clinical, surgical and anaesthetic data are summarized in table 1. The two groups were similar in patient characteristics and surgical data. The risk of bleeding, as indicated by the type of surgery (combined valvular surgery and myocardial revascularization) and the use of aprotinin or antiaggregant and anticoagulant medications were also comparable in the two groups. Activated clotting time and platelet count were similar on arrival in the ICU, in addition to packed cell volume at the end of the study. Postoperative shivering requiring administration of pethidine or a muscle relaxant was observed in five patients in the heated group and in nine patients in the control group.
PERIOPERATIVE BODY TEMPERATURE
Duration of systemic rewarming and the gradients between nasopharyngeal and rectal temperatures after weaning from CPB did not differ between the two groups (table 2) . However, body temperature was better maintained in the heated group, as: (1) the afterdrop in nasopharyngeal temperature was smaller; (2) fewer patients presented with nasopharyngeal temperatures less than 35.5 ЊC at the end of surgery (15 and 28 patients in the heated and control groups, respectively) (P : 0.05); and (3) rectal temperature was significantly higher from the time of sternal closure up to 4 h after operation ( fig. 1) .
In the control patients, rectal temperature on arrival in the ICU was 35.3 (0.4) ЊC and increased at a rate of approximately 0.3 ЊC h
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, whereas in the heated group, initial postoperative rectal temperature was 36.0 (0.4) ЊC and increased more slowly (approximately 0.2 ЊC h
) over the subsequent 6 h. At the end of the 12-h study, rectal temperatures did not differ between the two groups (37.5 (0.5) ЊC in the heated and 37.4 (0.5) ЊC in the control group).
There was no significant association between the afterdrop in nasopharyngeal temperature and aortic clamping time (r : 0.12), CPB duration (r : 0.09), lowest temperature during CPB (r : 0.08) or body surface area (r : 0.25) in the two groups. In the control group only, the afterdrop in nasopharyngeal temperature was significantly correlated with the ratio of rewarming time to duration of aortic clamping (r : 0.86); in these patients, duration of systemic rewarming, representing 980 % or :80 % of clamping time, was associated with an afterdrop in nasopharyngeal temperature of 91.7 ЊC or 92.5 ЊC, respectively.
HAEMODYNAMIC STATE
Haemodynamic data (heart rate, MAP and cardiac output) were comparable in the two groups in addition to requirements for inotropic or vasopressor support (15 patients in the heated group and 20 patients in the control group) and for additional vasodilators (five patients in the heated group and seven in the control group). Nitroglycerin was administered at a median rate of 2 mg h 91 in the two groups and over a median period of 8 h in the control group and 7 h in the heated group. Figure 1 Perioperative changes in rectal temperature in patients undergoing cardiac surgery with standard intraoperative thermal management (control group) and in those with additional skin warming (heated group). Significant differences (P:0.05): *between the two groups; †compared with values at weaning from CPB in the same group.
FLUID BALANCE AND HAEMOSTATIC VARIABLES
During operation, i.v. clear fluids, transfusion of homologous blood products and urine output did not differ between groups. During the first 12 h in the ICU, the amount of blood loss through the chest tubes was smaller in the heated group (931%, P : 0.05) and was accompanied by reduced i.v. infusion of fluids (923%, P : 0.05) compared with the control group (table 3) . Transfusion of homologous blood components tended to be reduced in the heated group, although this was not significant (seven patients compared with 13 patients in the control group). There was a significant inverse relationship between rectal temperature on arrival in the ICU and postoperative fluid loss via the chest tubes in the pooled data for the two groups (r : 90.57, P : 0.0001). Regression analysis between these two variables is illustrated in figure 2 .
Discussion
As expected, many patients became hypothermic at the end of cardiac surgery, despite systemic rewarming until rectal temperature reached at least 35.7 ЊC, and when no precautions were taken to avoid "redistribution hypothermia". In contrast, intraoperative combination of two simple skin warming methods (Bair Hugger and water mattress) in addition to core rewarming attenuated the core temperature afterdrop and resulted in higher rectal temperatures in the early hours after CPB. Importantly, better thermal homeostasis was associated with reduced postoperative fluid losses and i.v. fluid requirements. Application of skin warming did not adversely affect the working conditions in the operating theatre compared with the routine management procedure. Additional noise was barely noticeable, i.v. cannulae were secured on the operating table, the patient's face and eyes were checked regularly and the transoesophageal echocardiographic probe was manipulated easily.
THERMAL BALANCE
In unwarmed patients, a core temperature afterdrop of 92 ЊC has been associated with a heat deficit of more than 300 kJ which is equivalent to basal heat production over 1-2 h and requires 50-100 % increase in energy expenditure in the early postoperative period. 7 15 In this study, we hypothesized that heat storage in peripheral tissues would reduce the core-to-periphery gradient and attenuate heat flow redistribution. In the heated group, skin warming with forced warm air and a water mattress resulted in a mean decrease in nasopharyngeal temperature of 39 % less and a higher rectal temperature during the first 4 h in the ICU compared with control patients. Presumably, higher mean body temperature (;0.8 ЊC compared with the control group) was associated with better restoration of body heat content after weaning from bypass (approximately ;195 kJ in a 70-kg adult) and with diminished thermoregulatory responses to cold, as indicated by a slower postoperative increase in rectal temperature in heated patients (0.2 ЊC h 91 compared with 0.3 ЊC h 91 in control patients).
During non-cardiac surgery, when 80-90 % of the body surface is exposed to forced warm air (38 ЊC), a large amount of heat (approximately 200 kJ h 91 ) has been shown to be transferred across the skin. 16 During cardiac surgery, despite a smaller surface available (only 10-15% of the total body surface), transfer of convective heat was likely facilitated by several factors, namely the underlying highly perfused anatomic structures of the upper body, large air-skin temperature difference, prolonged duration of rewarming (2-2.5 h) and a high velocity convective "wind". Interestingly, heat transfer has been shown to be twice as effective when forced air is delivered beneath a simple bed sheet instead of using a commercial blanket whose rigid nature prevents the close approximation to non-planar anatomical structures and whose pinhole gridwork pattern causes low flow velocity. 17 Conductive heat flow was also transfered across the larger skin surface in contact with the warm water mattress (approximately 0.3-0.4 m 2 ). Its modest rewarming efficiency in non-cardiac surgery has been attributed to the relatively small surface available and to poor perfusion in dependent areas. 18 Although many centres currently use a circulating water mattress in adult cardiac surgery, there is no clear evidence concerning its beneficial effects in terms of heat balance when used as a sole adjuvant to core rewarming.
Nitroglycerin and high perfusion flow rates were used in all patients during systemic rewarming in order to increase heat delivery to the "cold" muscles and thereby expand the "warm" body core. Hence in the two groups pharmacological vasodilatation contributed to the attenuation in subsequent redistribution hypothermia (as heat can only flow down a temperature gradient). As reported previously by Noback and Tinker, 9 the afterdrop in nasopharyngeal temperature in control patients was related to the ratio between duration of systemic rewarming and hypothermic clamping: if systemic rewarming was prolonged 980% of clamping time, the afterdrop in nasopharyngeal temperature was attenuated. In this regard, additional skin surface warming could help to reduce the rewarming time on bypass.
TEMPERATURE AND HAEMOSTASIS
Chest fluid drainage consists of blood oozing from the surgical wound that is mixed with residual ice-slush solution and transudated fluids from the visceral pleura. An important observation was a significant correlation (r : 90.57) between postoperative blood loss via the chest tubes and rectal temperature on arrival in the ICU. This could explain approximately 33% of the relationship between these two variables, and the slope of the linear regression equation predicts an average additional fluid loss of 389 ml ЊC 91 over a range of rectal temperatures from 37 to 34 ЊC. Except for the difference in rectal temperature, all other factors that would affect postoperative bleeding (i.e. activated clotting time, platelet concentration and administration of antiaggregant, nitrates and aprotinin) were similar in the two groups.
Unless considered specifically, the contribution of hypothermia to haemorrhagic diathesis is overlooked in clinical practice as standardized procedures for coagulation testing are performed at 37 ЊC and the number of platelets is unaffected by cold. 19 The disparity between near-normal in vitro clotting studies and clinically non-surgical bleeding can be attributed to both coagulation and cold-induced platelet dysfunction. First, the process of coagulation involves a series of enzymatic reactions and the speed at which these reactions occur is temperaturedependent; prothrombin and activated partial thromboplastin times are increased by approximately 10-15% when temperature decreases from 37 to 34 ЊC. 20 21 Second, cold-induced activation of the fibrinolytic system can further impair the haemostatic capacity, but to a much lesser extent. 22 Third, prolongation of bleeding time during mild hypothermia is caused by a defect in the ability of platelets to produce thromboxane A 2 , a proaggregatory factor, at the bleeding site. 23 In heated patients, the beneficial effects of skin warming in terms of reduced bleeding were more likely attributed to better preservation of platelet function as local rewarming has been demonstrated to normalize both bleeding time and platelet aggregation. 23 
LIMITATIONS OF THE STUDY
In this study, extra skin warming resulted in higher rectal and nasopharyngeal temperatures in heated patients undergoing surgery of long duration with hypothermic bypass. However, we were unable to measure heat fluxes because surgical incision precluded positioning of skin temperature probes over the thorax, legs and arms. Furthermore, it is not known if extra skin warming is (more or less) beneficial during shorter surgical procedures, under normothermic conditions or in selected patients with co-morbidities (i.e. obesity, heart failure).
The amount of postoperative blood loss varies largely among different centres and reproduction of the study results depends on the adoption of similar medical management procedures. All patients were given nitroglycerin and nitroprusside which may cause impairment of lung oxygenation and exert an antiplatelet effect via increase in cyclic guanidine monophosphate and reduction of proaggregatory endoperoxide and thromboxane A 2 . 25 However, nitrate-induced postoperative bleeding is questionable in the context of major surgery as high plasma concentrations of epinephrine have been shown to reverse nitrate-induced platelet inhibition. 26 Although we observed a similar haemodynamic pattern in heated and control patients, we did not evaluate myocardial ischaemia or plasma concentrations of catecholamines which could provide a better indication of hypothermia-induced stress. Nevertheless, in the context of cardiac surgery, it is likely that activation of the sympatho-adrenal and reninangiotensin systems, in addition to the release of vasopressin in response to surgical trauma, largely overwhelmed the mild physiological response that could be attributed to a small difference in nasopharyngeal temperature (0.8 ЊC). 27 28 In summary, mild postoperative hypothermia is known to be associated with bleeding diathesis and increased oxygen demand. Our data suggest that intraoperative skin warming with a water mattress and forced warm air over the patient's face, neck and shoulders is a simple and efficient means of reducing the temperature afterdrop after hypothermic CPB and reducing postoperative blood loss. Complete rewarming of the body contributes to improved quality of perioperative care, allowing fast recovery while potentially reducing perioperative respiratory morbidity. 29 In our institution, the standard perioperative management for most cardiac surgical patients has evolved with the use of additional skin warming and shortacting anaesthetics. Such strategies are aimed at achieving earlier tracheal extubation and shorter duration of ICU stay, thereby reducing medical costs.
